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. Abstrect
Owing fo the numerous advantages provided by microwave digestion,
regulatory agencies are recognizing its value, yet most reported
comparisons of microwave digestions with other accepted methods have
used ores, laboratory-spiked soils, or soils with unexceptional, rather than
elevated, metal concentrations. Objectives of this research included
evaluating microwave digestion for roufine laborafory use and comparing
microwave, block digester, and hot-plate soil digestion techniques for
defermining zinc in aged, zinc-contaminated soils. Soil samples, chosen
to provide a more realistic and rigorous test of the digestion procedures
than would spike recovery methods and known 1o contain appreciable
quantities of zinc, were collected from sites near a zinc smelter that had
operated for more than 80 years. To obtain a range of zinc concentrations,
surface (020 cm) samples of Weikert silt loam soil (loamy-skeletal,
mixed, mesic, shallow Typic Dystrochrept) were collected from a location
subject fo airborne contamination from the smelter site. Very highly
significant effects for digestion method, soil, and method x soil interaction
were observed. Considering all the soils analyzed as a group, there was
no significant difference in zinc release between two separafe microwave
digestions, or between the hot-plate and block digestion methods.
However, microwave digestion resulted in significantly more complete
metal release and greater metal concentration values than did either the
hot-plate or block digestion methods. Effect of digestion method was not
constant among soils. Uniformity for the microwave digestion replications
was better than for either block or hot-plate methods. Incomplete digestion
and contamination occurred more frequently using hot-plate digestion. For
two separate but identical microwave digestion treatments, the average
coefficient of variability (CV) values of digestion replication means were
20.5% and 28.7%, respectively. The analogous values for the block
digestion and hot-plate methods were 39.2% and 69.5%, respectively.
The hot-plate digestion variability was significantly greafer than either the
block digestion or microwave methods. Microwave digestions provided
markedly fasfer digestion times and often greater zinc release than other
methods. Zinc retease using microwave digestions was equal o or greater
than that using other methods. This study demonstrated that regardless of
digestion method, variability within o soil sample presents significant
challenges, both in obtoinin{; uniform analytical results and in
interpretation. -

For conversion of SI metric units to U.S./British customary units of measure-
ment consuit ASTM Standard E380, Metric Practice Guide, published by the
American Society for Testing and Materials, 1916 Race St., Philadelphig, Pa.
19103.
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Effectiveness and Variability of Digestion Procedures
for Zinc Determins.tion in Aged, Contaminated Soils

CHARLES M. REYNOLDS

INTRODUCTION

History

Increasingly, microwave energy has been used as a
heating source in acid dissolution and extraction of
metals from soils and for the digestion of soil fractions
prior to analysis for other constituents. Since the mid-
1980s, there has been a marked increase in the number
of papers describing microwave digestion methods.
Many investigations have focused on the use of various
digestion vessels, compared mineral acids for digesting
different materials, and determined the suitability of
techniques for quantifying specific analytes in standard
reference materials. These searches have been driven
by both the increased national concern for soil and
ground water quality and the need for rapid sample
preparation methods to complement the markedly fast-
er rate at which chemical analysis of solutions can be
accomplished by modern instrumentation. As the result
of joint research between the Nationa Institute of Stan-
dards and Technology (NIST) and manufacturers of sci-
entific instrumentation, a number of methods have been
studied in detail (Kingston and Jassie 1986, 1988).

The availability of commercial microwave digestion
systems, including ovens, vessels, and attendant equip-
ment, has encouraged the development of microwave
techniques and has further promoted efforts to standard-
ize microwave methodologies (Kammin and Brandt
1989b, Lautenschlaeger 1989, Grillo 1990). Recently,
the United States Environmental Protection Agency
(USEPA) approved a closed-vessel microwave diges-
tion procedure for use by laboratories participating in
the USEPA Contract Laboratory Program (CLP) (Tatro
1990b). With these efforts, microwave techniques are in
transition from a commonly used but unrecognized
research tool to an acceptable and documented group of
methods for routine use in analytical chemistry.

Advantages
As an energy source for heating digestion solutions,
microwave energy has several advantages. Sulcek and

Povondra (1989) cite both the increase in efficiency in
thermal energy transport using the 300 MHz to 300 GHz
microwave spectrum, rather than the 50- to 300-Hz
spectrum used in electrical heating, and the reduced ra-
diant heat loss as two advantages of microwave heating.
Neas and Collins (1988) and Gilman and Grooms
(1988) have attributed microwave heating to both ionic
conduction and dipole rotation of the solution mole-
cules; they discussed the changes in relative contribu-
tions of each mechanism as heating occurs in a sample.
Nadkarni (1984) discussed possible mechanisms where-
by internal heating of solutions may result in better
acid—particle contact and therefore, more rapid and
complete digestion. Fischer (1986) suggested the possi-
bility of mechanical agitation and rupture occurring
during heating. These events would expose more sam-
ple layers to the surface and subsequent acid attack,
thereby increasing dissolution.

The net result of these advantages is a dramatic de-
crease in the amount of time needed for sample diges-
tion. Depending on the medium, digestions that former-
ly took 2 to 3 days can be routinely completed in as little
as 10 minutes, and digestions that formerly took hours
can be done in several minutes (Borman 1986). Al-
though microwave digestion results in faster digestion
times, the actual mechanisms controlling the benefits
that microwave heating may provide are not completely
understood, and Kingston and Jassie (1988) caution
against treating microwave digestion methods as sim-
ply another way to heat acid.

In addition to faster digestion times, other advantag-
es frequently cited for microwave digestions are less
contamination and improved recoveries. Closed vessels
are obviously less prone to cross-contamination and
contamination from aerosol sources, and closed-vessel
blanks reflect this fact (Borman 1988). Moreover, the
ability to use less acid in the digestion vessels, and
therefore the blanks, results in low background levels of
metals. Skelly and DiStephano (1988) used closed-
vessel microwave digestions to reduce aluminum (A1)
levels in blanks from 10 pg/kg to 1 ug/kg, which was




sufficiently low to allow analysis of trace amounts of Al
in samples.

Improved recoveries involve at least two factors: re-
duced losses of volatile analytes and higher tempera-
tures and pressures within closed digestion vessels. It is
well known and documented that the rate and efficiency
of digestion increases with temperature, but in open
vessels desirable increases in temperature must be tem-
pered with losses of volatile analytes, evaporation of di-
gestion acids, and the potential for explosion. Using
open-vessel digestion, low recoveries of arsenic (As),
boron (B), chromium (Cr), mercury (Hg), antimony
(Sb), selenium (Se), and tin (Sn) have been observed,
and it is generally accepted that volatile losses are the
cause (Borman 1986). Digestion completion is largely
dependent on the subjective decisions of the analyst
when open, hot-plate methods are used. By combining
the effects of both increased temperature and pressure in
closed vessels, relatively simple digestion sclutions
have been used successfully, and because evaporative
losses of digestion acids are avoided, smaller volumes
of acids are needed. These two factors also contribute to
the reduction of background metal concentrations asso-
ciated with digestion solutions.

General procedures

The need to calibrate any oven used for digestions
requiring quantitative recovery is both important and
generally recognized. Kingston and Jassie (1988) have
given detailed information on monitoring and predict-
ing conditions during microwave digestions. Because
micro ave heating occurs at exceedingly rapid rates,
minor differences in digestion time can result in signif-
icant variability in the degree of digestion and the corre-
sponding dissolution of metals into solution. This effect
is most pronounced early in the digestion process, be-
fore reaching the portion of the metal release curve that
is asymptotic to the total concentration value. One way
to circumvent this problem is to use digestion times that
are slightly longer than necessary, thereby allowing di-
gestions to more fully approach completion. However,
the appropriate amount of time is not well defined.
Kammin and Brandt (1989a) found that microwave
heating for 95 minutes resulted in a greater release of
oxide-bound refractory elements such as Al, vanadium
(Va), and Cr compared with the amount released during
a 15-minute microwave digestion. The complete disso-
lution of all forms of bound metals is not simple. Data
show that dissolution does not proceed linearly with
respect to digestion time, but the dissolution kinetics of
recalcitrant species in a microwave field is relatively
obscure.

For the practical use of closed-vessel microwave di-
gestions, temperature and pressure are high. Insome sit-

uations, small increases in digestion duration can dra-
matically affect the degree of completion of metal
dissolution. The detailed descriptions provided by King-
ston and Jassie (1986, 1988) for microwave oven cali-
bration are based on temperature increases in known
masses of water and typical digestion acids. Compila-
tions of methods for microwave digestion of different
materials have also been published (Kingston and Jassie
1988). Nevertheless, most digestion schemes published
have used empirically developed digestion times and
microwave power settings that may not be transferable
to other soils, digestion solutions, vessels, or micro-
wave systems. Commercial microwave ovens devel-
oped for laboratory use have addressed this problem by
monitoring the pressure withinthe digestion vessels and
using real-time feedback to control the microwave
power, thereby controiling conditions within the closed
vessels (Gilman and Engelhart 1988).

Both open and closed vessels have been used for
microwave digestions. At present, Teflon bombs ap-
pear optimum. Teflon is transparent to microwaves and
allows rapid heating of the contents rather than the ves-
sel. Consequently, using microwave heating allows di-
gestion solutions to reach higher temperatures without
harming the vessels than does heating by other methods
(Gilman and Engelhart 1988). To assist in physically
maintaining the pressures generated within closed di-
gestion vessels, Teflon linings or inserts placed inside
more rugged vessels have been developed; they gener-
ally include pressure relief and venting systems (Gil-
man and Engelhart 1988).

Soil digestion methods

A large number of protocols for the dissolution of
metals from soils have been developed. Generally, soil
dissolution methods use a mineral acid such as nitric,
hydrochloric, or sulfuric acid and an oxidant such as
perchloric acid, hydrogen peroxide, or heat to oxidize
the organic fractions of the so1l. Although many of these
methods, with the exception of those using both hy-
drofluoric acid and a strong oxidant, were not devel-
oped to completely solubilize all metals in soil, they are
frequently referred to as digestions for “total” metal
content. Numerous investigators have reviewed the ad-
vantages of different mineral acids in bringing forms of
metals into solution for analyses (Lim and Jackson
1982, Kingston and Jassie 1988, Sulcek and Povondra
1989). As an aid in choosing the appropriate protocol,
computer-based expert systems for advice on sample
preparation using microwave digestions are being de-
veloped (Settle et al. 1989, Borman 1990). Descriptors
included in the expert system are analyte and expected
concentration, type of matrix, and instrumental tech-
nique.




Total metals

Many of the numerous reports on microwave diges-
tion of soils and sediments that have been published
since approximately 1983 have dealt with total metal
content (Matthes et al. 1983, Nadkarni 1984, Lamothe
et al. 1986). This is reflected in the frequency of com-
parisons of microwave digestion results with values
established by the NIST. Depending on the metal in
question, the matrix involved, and the objective of the
study, a wide range of acids and oxidants can be used in
microwave digestions. There is a quantity of published
information on choices of different mineral acids for
dissolution of different metal species in soils (Page et al.
1982, Sulcek and Povondra 1989). Methods recognized
by regulatory agencies may not quantitatively recover
all metals. The USEPA SW846, Method 3050, uses
HNO3, HCI, and H,0, for digestion, and the recently
announced microwave procedure, CLP 3/90 Statement
of Work (SOW), uses only HNO3. Yet Kimbrough and
Wakakuwa (1989) have demonstrated that using an ini-
tial digestion acid solution of HNO; alone does not
quantitatively recoverantimony (Sb) or silver (Ag), and
they have suggested using a 4:1 HNO3:HCl initial di-
gestion solution to release these elements.

For many years it has been accepted that hydroflu-
oric acid (HF) is needed to release isomorphically sub-
stituted metals in the silicate lattice (Lim and Jackson
1982). Therefore HF has typically been used in evalua-
tions of microwave digestion methods using NIST stan-
dard reference materials. In some instances, such as un-
contaminated soil with negligible organic matter content,
the portion of the metal that is held by isomorphic
substitution and that therefore requires HF for release
may be a substantial percentage of the total metal con-
tent. Generally, in contaminated soils, metals held by
isomorphic substitution comprise only a small fraction
of the total metal content in soil. When either anthropo-
genic or naturally occurring metal additions are made
after mineral formation, the bulk of added metal re-
mains inother forms such as oxide- or carbonate-bound,
organically complexed, or held on exchange sites and
does not enter the silicate lattice (Tessier et al. 1979).
Consequently, as the degree of contamination increas-
es, the percentage of the total metal content held by iso-
morphic substitution and requiring hydrofluoric acid
for release becomes increasingly small. For quantifying
most metals in contaminated soil, a relatively simple
digestion appears sufficient.

Organically bound metals

Release of organically bound metals requires oxida-
tion of the organic component of the soil; this is typical-
ly one of the more difficult problems in metal dissolu-
tions. There are different opinions as to the importance

of organic matter oxidation during digestion processes.
The most complete oxidizing method is dry ashing, or
combustion at 400°C for 30 minutes, yet this results in
the volatilization of some elements. Tatro (1990a) sum-
marized reports and concluded that 10-15% of the ori-
ginal organic carbon (C) remained after acid digestion
using microwave energy. Because alarge percentage of
metal in soil can be organically bound, failure to quan-
titatively digest the organic fraction can increase analyt-
ical error.

Conversely, other reports have indicated that al-
though many oxidizing acid digestions leave a residue
in the digest, metal recoveries are not significantly dif-
ferent from more complete digestions (Nadkarni 1984,
Smith and Cousins 1985, Nakashima et al. 1988). There
are suggestions that, with time, anthropogenic additions
of metals may become increasingly bound into forms
more resistant to dissolution and subsequent analyses
(Palazzo and Reynolds 1991). Although complete re-
covery of metals immediately following addition of
metal to the soil can be accomplished by many digestion
orextraction methods, itis important to realize that tests
such as spike recoveries do not necessarily simulate re-
covery efficiencies for typical field samples.

Spatial variability

For many years it has been well documented that
sampling comprises the greatest source of error in char-
acterizing soils (Peterson and Calvin 1982). Using a
compilation of various studies, Markert (1990) estimat-
ed that the relative errors associated with sampling can
range up to 1000%, while errors related to sample prep-
aration ranged between 100 and 300%. Instrument-
associated errors typically were only 2 to 20%. Contam-
inant heterogeneity in soils is difficult and time-
consuming to assess. Because contaminated portions of
a soil may exist as discrete portions on regional, macro,
and micro scales, variability between or within samples
can be significant. Geostatistical methods to evaluate
soil data, design sampling strategies, and compensate
for spatial variability in soil has been an area of inten-
sive research in soil science for over 10 years (Warrick
etal. 1982). Touse emerging methods optimally, increas-
ingly large amounts of data are beneficial. Rapid sample
preparation using microwave digestion techniques
should be a valuable tool for efficient, inexpensive data
acquisition and may increase our ability to identify
underlying processes govemning the fate of metals in
soil and the hazards associated with them.

Research objectives

Currently, numerous pathways for metal transfor-
mations in soils are known; consequently, anthropo-
genic metals may occur in soils in many possible forms.




Although availability and degree of hazard associated
with soil metal concentrations are largely dependent on
metal speciation, metal release following hot acid di-
gestionis acriterionthat regulatory agencies commonly
use to determine metal levels in soils. Owing to the nu-
merous advantages provided by microwave digestion,
regulatory agencies are recognizing its value. Neverthe-
less, most reported comparisons of microwave diges-
tions with other accepted methods have used ores, lab-
oratory-spiked soils, or soils with unexceptional (rather
than elevated) metal concentrations. Objectives of this
research included evaluating the advantages and disad-
vantages of microwave digestion for routine laboratory
determination of zinc and comparing the microwave
digestion of aged, contaminated soils with more tradi-
tional and accepted digestion methods, with emphasis
on delineating the sources of variability in sample
analysis.

MATERIALS AND METHODS

Soil

To obtain a range of zinc concentrations, surface (0~
20 cm) samples of Weikert silt loam soil (loamy-skele-
tal, mixed, mesic, shallow Typic Dystrochrept) were
collected from locations subject to airborne contamina-
tion from a zinc smelter site. The soil samples were ob-
tained in May 1990 and were known to contain appre-
ciable quantities of zinc. The smelter had been in
operation for more than 80 years, so the samples had
beenexposedto freeze—thaw and wet—dry cycles as well
as other weathering and aging processes; samples from
this site were chosen to provide a more realistic and rig-
orous test of the digestion procedures than would spike
recovery methods. The samples were obtained in field-
moist condition and stored at 4°C. Prior to analysis they
were air-dried, and each air-dried soil sample was
mixed. Composite subsamples were taken for gravi-
metric moisture determination using oven drying over-
night at 105°C. Sample weights used for metal analysis
were corrected for moisture content.

Obtaining a representative sample of a heterogen-
eous solid such as soil is difficult. A balance must be
achieved among:

i) extensive sieving and mixing, with the atten-

dant chance for introducing contamination
or omitting larger aggregates,

ii) physical grinding, which may introduce con-
tamination or unintentionally and differential-
ly aid digestion completion by physically
altering the soil particles, and

iii) extensive composite sampling, which relies
on a number of random, composite subsam-

ples to obtain a representative sample, al-
though the effects of spatial variability inher-
ent in an extremely heterogeneous matrix,
such as contaminated soil, persist.

Because the objectives of this study included com-
paring the completeness of digestion methods, compos-
ite sampling was used. Composite sampling avoided
physically disrupting soil aggregates and provided a
more demanding digestion examination. Depending on
digestion method, each experimental unit consisted of
approximately 0.5 g or 1.5 g of soil and was obtained by
compositing repeated subsamples from one bulk soil
sample. Each experimental unit comprised at least four
composited subsamples, and the bulk sample was mixed
between taking subsamples.

Digestion methods

Digestion methods included the EPA SW-846 Meth-
od 3050 and the United States Army Toxic and Hazard-
ous Waste Material Agency (USATHAMA) proposed
R-9 microwave digestion procedure (USEPA 1986,
Hewitt and Reynolds 1990). In addition, a block diges-
tion method frequently used for routine digestion of
large numbers of samples was included (Iskandar and
Keeney 1974). Detailed descriptions of the EPA meth-
od and the microwave method are provided in the ref-
erences.

In brief, EPA Method 3050 is a classic open-vessel,
hot-piate digestion using HNO3, H,O,, and HCL.. Com-
pletion of digestion is a function of subjective interpre-
tation by the laboratory analyst.

The proposed microwave digestion method uses
closed Teflon or Teflon-lined bombs placed in a rotat-
ing rack within a microwave oven. The digesting solu-
tion is concentrated HNO;. A two-step, timed digestion
procedure is used to limit frothing and promote com-
plete digestion.

The block digestion technique is a modification of
traditional hot-plate methods. Digestion tubes contain-
ing the sample, HNO3, and HC1O4 are placed into fitted,
cylindrical holes machined into an aluminum block.
The entire block is then heated on a large hot-plate. The
advantages of this method are a smaller laboratory foot-
print forthe digestion apparatus, some degree of through-
put improvement due to the simultaneous handling of
tubes, and some explosion protection due to the tenden-
cy of the digestion block to direct forces. Sample digests
were analyzed by graphite furnace atomic spectroscopy
as described by Hewitt and Reynolds (1990).

Laboratory protocol

Because the objective presupposed evaluating the
methodologies in rigorous and lifelike circumstances,
explicit efforts were made to provide realistic soil con-




tamination that challenged the digestion procedures and
to remove or limit opportunities for unintentional bias
or inadvertent data screening during the laboratory
phase. The primary consideration in meeting the first of
these criteria—obtaining authentic, aged, contaminated
soils—has already been described.

A number of steps were taken to address the two re-
maining criteria. Primarily, precautions focused on in-
corporating and evaluating, rather than removing, the
variability and errors that may occur in a typical routine
laboratory process handling large numbers of samples.
Extensive efforts were made to eliminate the ability to
judge data prior to acceptance or rejection. Four labora-
tory personnel were involved in sample handling, in-
cluding weighing, reagent transfers, digestion observa-
tions, filtration and dilution steps, and instrument
operation. To avoid systematic bias for the overall anal-
ysis, different personnel were involved within each
replication. For each procedural step, such as weighing
samples for a digestion cycle or diluting solutions, one
person would complete the task, but a different person
would typically perform the following step, such as in-
troducing the reagents for digestion. Although some
procedures necessitated knowledge of the sample being
handied, most of the laboratory steps involved coded
laboratory containers, resulting in an essentially blind
study. In situations where an action that could result in
increased potential for introducing an error was realized
or suspected before obtaining results, such as in sample
weighing or solution diluting, the particular procedure
was permitted to be repeated. The data were not screened
for uniformity nor were excess replications conducted
from which data could be selected. However, the data
were reviewed to confirm the completeness of the statis-
tical design.

Experimental design

This project was conducted as a 4 x 12 x 3 factorial.
The factors were digestion treatments, soils, and three
digestion replications. Three digestion methods have
been described above. As a fourth digestion treatment,
an identical microwave digestion was included. This
additional microwave digestion, statistically treated as
a separate digestion treatment, allowed further evalua-
tion of microwave digestion within the same balanced
de.ign. Eleven soils were included. A blank treatment,
consisting of all required reagents but no soil, was in-
cluded and treated as an additional soil treatment to
compare the effects of digestion method on contamina-
tion. Results from blanks are therefore treated as hypo-
thetical soil values rather than being subtracted from
corresponding digestion results.

Commercially available microwave digestionequip-
ment can generally handle a maximum of only 12 sam-

ples at one time during a digestion cycle. Variables such
as time, pressure, and temperature determine digestion
completeness and are likely to be more uniform within
adigestion cycle than among digestion cycles. Because
the objectives included estimating the variability asso-
ciated with each soil digestion procedure, the replica-
tions were blocked on time, For each digestion method,
each of three blocks (replications) included one replica-
tion of all 12 soils. Blocking on time for digestion rep-
licates permitted the replicate variability to be evaluated
for each digestion method using a number of soils.

Significant effects of the treatments on means were
evaluated using analysis of variance (ANOVA) proce-
dures; means were separated and compared using Dun-
can’s multiple range test (DMRT). For significant inter-
actions, means of experimental units were analyzed by
individual treatments within a factor and separated and
compared using DMRT.

RESULTS AND DISCUSSION

Means

The maineffects of soil and digestion method and the
block effects were tested using ANOVA for random-
ized complete block designs. The ANOVA results dem-
onstrated very highly significant (P < 0.001) main ef-
fects fordigestion method and soil, as well as asignificant
method x soil interaction (Table 1). Overall, the effect
of blocking (digestion replication) was significant at the
5% level. A significant difference in zinc concentra-
tions among soils was expected, as the experiments
evaluated a number of soils of varying levels of zinc
contamination. The zinc concentration means, aver-
aged for all digestion methods and separated using
DMRT, are listed by soil in Table 2. These differences
demonstrated that the soil samples used in this study had
a wide range of zinc concentrations, from 265 pg/g to

Table 1. Results of two-way ANOVA
for randomized complete block de-
sign for all data blocked on repli-

cates.
Source df  Significance

Blocks 2 *
Main effects

Method 3 t

Soil 11 t
Interaction

Method x soil 33 t
Error 94
Total 143

* Indicates significance at the 0.05 level
T Indicates significance at the 0.001 level




Table 2. Duncan’s multiple range test
for comparing zinc levels in soils, using
means of digestion methods, at the 0.01
significance level

Soil Zn Nonsignificant
Rank no. (uglg) n ranges*
1 2 10849 12 a
2 3 8984 12 a
3 1 4555 12 b
4 4 3252 12 be
5 5 2476 12 bed
6 10 2068 12 bed
7 6 1966 12 bed
8 7 1732 12 cd
9 8 1511 12 cd
10 1" 779 12 cd
11 9 265 12 d
12 j2t 28 12 d

* Means followed by similar letters are not
significantly different as determined by DMRT.
t Blank.

more than 10,849 pg/g, thereby providing extensive
testing of the digestion methods.

Overall, there was a significant difference in diges-
tion completeness among the digest:on raethods. Con-
sidering all the soils as a pool, there was no significant
difference between the two microwave digestion treat-
ments or between the EPA 3050 and block digestion
methods (Table 3). Among all the soils pooled, the mi-
crowave digestion resulted in more complete metal
release and greater metal concentration values than did
either the EPA 3050 or block digestion methods.

A significant method x soil interaction indicated that
the effect of the digestion method was not constant
among the soils. It is reasonable to assume that differ-
ences in digestion efficacy might vary with other factors
associated with soils, such as degree of metal concentra-
tion, time since contamination occurred, or natural pro-
cesses that may have occurred since contamination. Be-
cause the soil x digestion-method interaction was
significant, each soil was evaluated individually for the
main effects of the digestion method using ANOVA for

Table 3. Duncan’s multiple range test for com-
paring effects of digestion method among means
of all soils at the 0.01 significance level.

Digestion Zn Nonsignificant
Rank method (uglg) n ranges*
1 Microwave 2 4748 36 a
2 Microwave 1 4443 36 a
3 Block digestion 2038 36 b
4 3050 1592 36 b

* Means followed by similar letters are not significantly
different as determined by DMRT.

Table 4. Means of zinc values by method x soil.

Soil Digestion method

no. 3050 Block digester Microwave Microwave
1 677 ¢ 3126 be 5916 ab 8503 a
2 9304 a 6304 a 12534 a 15256 a
3 2400 b 4334 b 13218 a 15986 a
4 1331 a 1967 a 6422 a 3289 a
5 1296 b 1642 b 313 a 3855 a
6 927 a 1624 a 3913 a 1400 a
7 603 a 1582 a 2450 a 2294 a
8 954 a 1519 a 2303 a 1271 a
9 176 a 1991 a 374 a 315 a
10 1025 a 1549 a 1880 a 3819 a
11 352 600 b 1181 a 985 a
12 64 a 19 a 16 a 14 a

Means within rows followed by the same letter are not sig-
nificantly different at the 0.01 level as determined by DMRT.

a completely random design. For significant main ef-
fects, Duncan’s multiple range test was again used to
separate the replication means for each digestion meth-
od within each soil (Table 4). Although significantly
greater amounts of zinc were more frequently released
by microwave digestion than by either of the other two
methods, the variability in differences of zinc release by
digestion treatments among soils is evident when the
soils are listed individually. For soils 1, 3, 5, and 11,
microwave digestion yielded significantly greater zinc
release than did Method 3050 (Table 4). For the other
soils, the extent of variability within the bulk sample
that was not successfully addressed by compositing a
number of subsamples may have masked possible di-
gestion-methou differences.

Table 5. Summary of ANOVA by soil,
significance of digestion method, and
blocking effects on zinc release.

Soil Zn Digestion Block
no. (ug/g) n method  effect
2 10849 12 ns* ns
3 8984 12 oott 005
1 4555 12 0.001 ns
4 3252 12 ns ns
5 2476 12 0.001 ns
10 2068 12 ns ns
6 1966 12 ns ns
7 1732 12 ns ns
8 1511 12 ns ns
11 779 12 0.001 0.01
9 265 12 ns ns
12 (blanks) 28 12 ns ns

* ns indicates nonsignificance at the 0.05 level.

t Numbers refer to significance level as deter-
mined by ANOVA for randomized complete
block.




Variability

The ranked means of all digestion methods within
soils and the sutnmary of ANOVA results for digestion
method effects and block effects are given in Table 5.
When ranked in order of degree of contamination, based
on the means of the digestion methods, there was an ap-
parent trend for greater variability among digestion
replicates for more contaminated soils. This could be
caused by the natural heterogeneity and spatial variabii-
ity of the contamination and the resulting difficulty in
obtaining uniform samples. The general lack of a signif-
icant block effect indicated that blocking on time was
not a significant factor affecting variability. The large
within-sample heterogeneity, the difficulty in obtaining
uniform subsamples for digestion, and the resulting var-
iability may have predominated and masked smaller but
real differences in digestion-cycle blocking effects. In
all cases, microwave digestion resulted in measured
zinc concentrations that were equal to or greater than
those determined from either EPA Method 3050 or the
block digestion methods.

It is useful to identify and separate sources of vari-
ability to assist in focusing generally limited resources
for optimum increase in precision. For each soil, the
mean, standard deviation, and coefficient of variability
(CV) are provided, respectively, for:

i) instrument analysis within digestion repli-

cate and within digestion method
ii) digestion replications (blocks} within diges-
tion method
iii) digestion methods
Data are provided for each soil in Tables 6 through
17. These data indicate that incomplete digestion oc-
curred in some cases, such as digestion method 3050,
digestion replication 1, and the block digester method,

digestionreplication 2, in Table 6. Similar instances can
be found for 10 of the soils. The uniformity for the mi-
crowave digestion replications is much greater.

Conversely, cases where contamination most prob-
ably occurred are also obvious. Reduced contamination
is often cited as a benefit of microwave digestion. Sam-
ple 12, which was a series of blanks statistically treated
as another soil sample rather than being subtracted from
the soil values, provides insight into the digestion-
method effect on contamination (Table 17). The CV
among digestion replications was 17.2% and 27.4% for
microwave digestions, but 122.2% for Method 3050.
The descriptive statistics for the individual digestion
replications indicated that replication 2 of the Method
3050, 175.92 ug/g, apparently was grossly contaminat-
ed compared with replications 1 and 3, whi~h were 9.11
and 8.44 pg/g, respectively. Lack of significance in di-
gestion methods for the blanx treatment (Table 5) may
have been hidden because of the large variability of the
Method 3050 digestion. However, greater potential for
gross contamination in the Method 3050 digestions
would support the use of microwave digestion tech-
niques.

Generally greater uniformity and more complete di-
gestion, as evidenced by greater zinc values, occurred
during microwave digestion. The CV values for instru-
ment analysis ranged from 1.79% (Table 14) to 66.95%
(Table 11). The average CV for instrumental analysis
was 11.5%. Of the total number of samples analyzed,
16% had an instrument CV greater than 20% and 7.6%
had an instrument CV greater than 25%. In a summary
of numerous published reports, Markert (1990) estimat-
ed typical ranges of 2% to 20% for instrument-associ-
ated variability. The majority of these data are within
the ranges reported by Markert, even though random

Table 6. Summary statistics for soil 1.

Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (uglg) Std dev cv Mean  Std dev cv Mean Stddev CV
1 3050 1 156.96 4.86 3.10 677.12 370.08 54.66 4555.47 2937.67 64.49
1 2 886.94 85.31 9.62
1 3 987.44 181.58 18.39
1 Block digester 1 3201.78 576.31 18.00 3125.63 1690.60 54.09
1 2 1018.04 22197 21.80
1 3 5157.06 1224.80 23.75
1 Microwave 1 5447.53 342.23 6.28 591632 509.84 8.62
1 2 6625.15 522.12 7.88
1 3 5676.29 1314.39 23.16
i Microwave 1 8001.30 988.02 1235 8502.82 363.80 428
1 2 8852.98 842.96 9.52
1 3 8654.18 2601.34 30.06




Table 7. Summary statistics for soil 2.

Instrument analysis

Digestion replications

Descriptive statistics

Digestion  Digestion replications by method by soil
Soil method replicate Zn (ug/g) Std dev cv Mean Std dev cv Mean Std dev cv
2 3050 1 880.27 84.66 9.62 9303.89 6610.56 71.05 10849.54 3365.38 31.02
2 2 17027.29 798.21 4.69
2 3 10004.10 542.61 5.42
2 Block digester 1 5912.61 677.10 1145 6304.26 611.19 9.69
2 2 7167.38 596.44 8.32
2 3 5832.80 1049.88 18.00
2 Microwave 1 9644.66 1427.38 14.80 1253394 2913.68 23.25
2 2 11434.30 497.73 4.35
2 3 16522.85 613.70 3
2 Microwave 1 11814.56 662.79 5.61 15256.07 3867.93 25.35
2 2 13294.65 0.00 0.00
2 3 20658.99 4509.82 21.83
Table 8. Summary statistics for soil 3.
Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (ugig) Std dev Cv Mean Std dev cv Mean Std dev cvV
3 3050 1 808.73 69.91 8.64 240043 233893 97.44 8984.63 5742.77 63.92
3 2 685.15 103.94 15.17
3 3 5707.41 1267.79 22.21
3 Block digester | 5193.67 241.72 465 4334.09 791.22 18.26
3 2 3283.91 544.03 16.57
3 3 4524.69 1368.84 30.25
3 Microwave 1 11375.86 245.83 2.16 1321842 4315.29 32.65
3 2 9101.22 193.72 2.13
3 3 19178.18 7949.70 4145
3 Microwave i 12277.75 456.03 371 15985.59  5263.56 3293
3 2 12249.64 1685.66 13.76
3 3 23429.36 5663.76 24.17
Table 9. Summary statistics for soil 4.
Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (ugig) Std dev cv Mean Sid dev cv Mean Std dev cv
4 3050 1 546.54 19.30 3.53 133142 1014.89 76.23 3252.22 1961.28 60.31
4 2 683.20 124.41 18.21
4 3 2764.53 254.67 9.21
4 Block digester | 222343 773.56 3479  1967.20 341.22 17.35
4 2 2193.21 624.58 28.48
4 3 1484.96 96.60 6.50
4 Microwave ] 4157.58 345.29 831 6421.50 412279  64.20
4 2 12206.64 453.39 3N
4 3 2900.28 292.73 10.09
4 Microwave 1 3617.40 157.46 435  3288.75 776.74 23.62
4 2 4032.17 85.82 213
4 3 2216.69 305.04 13.76




Table 10. Summary statistics for soil 5.

Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (ugig) Std dev cv Mean Std dev CcvV Mean Std dev cv
5 3050 1 249.64 9.04 362  1296.39 790.35  60.97 2476.73 1048.21 4232
5 2 1480.34 26.65 1.80
5 3 2159.18 350.79 16.25
5 Block digester | 1562.40 96.05 6.15 164223 59.36 3.61
5 2 1704.61 357.48 20.97
5 3 1659.69 107.96 6.50
5 Microwave 1 2735.99 115.54 422 311294 280.01 8.99
5 2 3406.48 214.00 6.28
b} 3 3196.34 354.04 11.08
5 Microwave 1 3537.53 0.00 0.00 385536 361.04 9.36
5 2 3668.22 78.08 2.13
b _ 3 4360.34 739.08 16.95
Table 11. Summary statistics for soil 6.
Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (uglg) Std dev cv Mean Std dev cv Mean  Sid dev cv
6 3050 { 134.03 7.32 5.46 926.96 564.34  60.88 1966.01 1151.74 58.58
6 2 1244.82 241 1.80
6 3 1402.01 65.25 4.65
6 Block digester 1 2255.92 1510.40 66.95 1624.07 516.56  31.81
6 2 990.62 54.18 5.47
6 3 1625.66 391.22 24.07
6 Microwave 1 943.28 54.08 573 3912.67 388841 99.38
6 2 1389.05 29.57 2.13
6 3 9405.68 349.35 k)|
6 Microwave 1 1287.94 277.06 21.51  1400.36 47527  33.94
6 2 2030.46 75.42 371
6 3 882.69 32.79 3.71
Table 12. Summary statistics for soil 7.
Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (ug/g) Std dev cv Mean Std dev cv Mean _ Std dev cv
7 3050 | 171.99 3.10 1.80 602.54 306.73 5091 173201  729.67 42.1
7 2 863.60 15.54 1.80
7 3 772.04 105.49 13.66
7 Block digester 1 1781.20 405.06 2274  1581.58 242,44 15.33
7 2 1723.18 449.12 26.06
7 3 1240.36 624.80 50.37
7 Microwave 1 3304.34 832.66 25.20  2450.20 756.64  30.88
7 2 2581.33 54.94 2.13
7 3 1464.92 492.24 33.60
7 Microwave 1 2122.70 45.87 2,16 2293.74 1006.71 43.89
7 2 3603.29 650.62 18.06
7 3 1155.22 170.97 14.80




Table 13. Summary statistics for soil 8.

Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (pgig) Std dev cv Mean Std dev (9% Mean Std dev (9%
8 3050 1 68.14 3.58 5.26 953.83 944.14  98.98 1511.62 498.76 32.99
8 2 531.37 32.90 6.19
8 3 2261.99 208.39 9.21
8 Block digester 1 1590.88 318.91 20.05 151891 196.63 12.95
8 2 1250.32 95.78 7.66
8 3 1715.54 81.29 4.74
8 Microwave 1 1529.73 64.60 422 2302.79 147475 64.04
8 2 4366.85 403.06 9.23
8 3 1011.78 117.00 11.56
8 Microwave 1 1097.74 81.48 742 127095 184.86 14.54
8 2 1527.14 32.50 2.13
8 3 1187.98 25.67 2.16
Table 14. Summary statistics for soil 9.
Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (ugl/g) Std dev cvV Mean Std dev Ccv Mean Std dev cvV
9 3050 1 125.10 3.88 3.10 176.06 5122 29.09 6590  81.74 30.74
9 2 246.11 443 1.80
9 3 156.95 2.80 1.79
9 Block digester 1 173.14 14.22 8.21 198.54 18.12 9.12
9 2 208.38 21.19 10.17
9 3 214.11 36.41 17.00
9 Micruwave 1 259.10 5.60 2.16 374.16 197.52 5279
9 2 211.24 41.94 19.86
9 3 652.12 111.30 17.07
9 Microwave 1 247.75 10.46 4.22 314.84 10770  34.21
9 2 229.97 4.89 2.13
9 3 466.80 9.94 2.13
Table 15, Summary statistics for soil 10.
Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (uglg) Std dev cv Mean Std dev cv Mean Std dev cv
10 3050 1 123.49 7.65 6.19  1025.03 718.66  70.11 2068.36 105590 51.0
10 1069.45 162.24 15.17
10 3 1882.15 149.24 7.93
10 Block digester 1 909.01 203.37 22.37  1549.44 742.02  47.89
10 2 2589.57 753.85 29.11
10 3 1149.75 122.77 10.68
10 Microwave 1 1879.07 0.00 000 1879.52 778.41 4142
10 2 2833.09 223.27 7.88
10 3 926.39 135.44 14.62
10 Microwave 1 8434.58 0.00 000 3819.43 328439 8599
10 1965.85 110.28 5.61
10 3 1057.87 130.63 12.35
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Table 16. Summary statistics for soil 11.

Instrument analysis

Digestion replications Descriptive statistics

Digestion  Digestion replications by method by soil
Soil method replicate Zn (ugig) Std dev cv Mean Sid dev Ccv Mean Std dev cv
11 3050 1 245.26 26.38 10.75 352.19 145.38  41.28 779.58 323.31 4197
11 2 253.56 28.16 11.11
11 3 557.74 59.55 10.68
11 Block digester 1 509.02 60.28 11.84 600.28 88.44 14.73
i 2 571.84 17.59 3.08
11 3 719.98 66.33 9.21
11 Microwave 1 1193.48 78.46 6.57  1181.05 197.43 16.72
1 2 933.28 88.08 9.44
11 3 1416.40 105.14 7.42
It Microwave I 978.76 42.61 4.35 984.81 181.99 18.48
1 2 765.01 56.78 7.42
11 3 1210.66 294.18 24.30
Table 17. Summary statistics for soil 12 (digestion blanks).
Instrument analysis Digestion replications Descriptive statistics
Digestion  Digestion replications by method by soil
Soil method replicate Zn (uglg) Std dev cv Mean Std dev Ccv Mean Std dev Ccv
12 3050 1 9.11 0.85 9.28 64.49 78.80 122.18 28.54 2084 73.04
12 2 175.92 18.12 10.30
12 3 8.44 0.30 3.60
12 Block digester 1 18.44 0.57 3.08 19.29 2.22 11.53
12 2 17.10 0.53 3.08
12 3 2234 2.06 9.21
12 Microwave i 21.91 1.26 573 16.37 4.49 27.43
12 2 16.30 3N 22.79
12 3 1091 0.72 6.57
12 Microwave i 14.18 1.64 11.56 13.99 241 17.23
12 2 16.84 2.46 14.62
12 3 10.94 1.10 10.09

rather than sequential instrument replications were used
and instrument analyses were done blind to reduce the
potential for data selection.

For each soil, the variability associated with diges-
tion replications for each digestion method can be seen
in Tables 6 through 17. Markert (1990) reported that
sample preparation errors and sampling errors contrib-
ute from 100 to 300% and up to 1000%, respectively. In
this study, microwave digestions generally appeared to
be more uniform among digestion replications than
either EPA Method 3050 or the block digestion meth-
ods. For the two microwave digestion treatments, CV
values for the means of digestion replications were
20.5% and 28.7%, respectively (Table 18). The analo-
gous value for the EPA Method 3050 was 69.5%. Block
digestion CV means were 39.2%.
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Table 18. Results of Duncan’s multiple range test for
comparing digestion method variability, expressed as
CV of replications, at the 0.01 level.

Digestion Nonsignificant
Rank method cv n ranges*
1 3050 69.48 12 a
2 Block 39.19 12 b
3 Microwave | 28.65 12 b
4 Microwave 2 20.52 12 b

* Means followed by similar letters are not significantly different
at the 0.01 level as determined by DMRT.

ANOV A procedures were used to compare statisti-
cally the variability, in terms of CV values, among di-
gestion treatments. For the dependent variable, CV of




Table 19. Summary of results of one-
way ANOVA for completely random
design comparing variability, ex-
pressed as CV of replications, of di-
gestion methods for 12 soil treatments.

Source df  Significance
Main effects method 3 *
Error 4
Total 47

* Denotes significance at the 0.001 level.

digestion replications, the effect of each digestion method
was tested. The soils served as 12 replications. The re-
sults indicated a significant difference among means for
digestion methods at the 0.001 level (Table 19). Dun-
can’s multiple range test was used to separate the means
(Table 18). The variability associated with digestion
replications, as expressed by digestion replication CV,
was significantly less for both microwave digestion
methods and the block digestion method than for EPA
Method 3050.

CONCLUSIONS AND RECOMMENDATIONS

Microwave digestions provide markedly faster di-
gestion times for contaminated soil samples than other
methods. In agreement with reported literature, zinc
release using microwave digestions was equal to or
greater than it was using other methods. Moreover,
microwave digestions yielded less variability among
digestion replications than did EPA Method 3050. This
study indicates that microwave digestion methods are
capable of providing faster, more complete, and more
precise release of zinc from soils that have been contam-
inated and allowed to age while being subjected to
natural weathering processes.

These data support the concept that variability with-
in a soil sample presents significant challenges, both in
obtaining uniform analytical results and in interpreta-
tion (Page et al. 1982, Peterson and Calvin 1982, War-
rick et al. 1982, Markert 1990, Tatro 1990b). The first
of these challenges can be addressed partially by exten-
sive physical mixing. An alternative and perhaps more
scientifically reasonable approach would be to use
much larger samples for analysis, but this presents lab-
oratory and waste disposal problems and diverges from
traditional analytical tenets. Another alternative, use of
geostatistics and spatial variability theory, could poten-
tially provide a better understanding of the sampling
intensity needed and improve the validity of conclu-
sions that can be made from the resuiting data. Geostatis-
tical theory could be used advantageously to incorpo-
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rate spatial variability into better descriptions of the dis-
tribution of contaminants in soil. Such a technique
could require more samples, but emphasis would be
placed on describing and utilizing natural variability
and reducing variability caused by sample handling and
artifacts of the analysis. Subsequently, absolute levels
of contaminant in soil samples would be less critical.
Research to incorporate spatial variability into delineat-
ing concentration plumes in soils has been an area of in-
tense investigation for many years (Peterson and Calvin
1982, Warrick et al. 1982). With the improved through-
put that microwave digestion techniques provide, the
coupling of these techniques would appear beneficial.
Although microwave digestion methods may pres-
ently be used for regulatory compliance and may be
used with emerging engineering technologies aimed at
environmental cleanup, clearly the more valuable use
lies in the future, as more novel and innovative marriag-
es with technologies such as metal speciation schemes,
speciation and transport models and their validation,
and bioavailability predictions are coupled with micro-
wave methodology. In this way, microwave methods
can be used to help improve our understanding of the
processes that govern the fate of metals in soil.
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